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ABSTRACT Free-space optical (FSO) communication provides wireless optical connectivity with high
data rates and low-cost implementation; however, its performance is strongly influenced by the power
attenuation due to the infrequent adverse weather conditions. This article proposes a novel highly sensitive
dual-mode receiver comprising an array of single-photon avalanche diodes (SPADs) and a PIN photodiode
(PD) to enhance the availability of FSO links. In adverse weather conditions, the receiver operates in
the SPAD-mode; whereas, in the clear weather conditions, the receiver works in the PD-mode. A hybrid
receiver controller is employed in the proposed receiver to adaptively control the switching process based
on the received light levels. The adaptive controller also adjusts the incident photon rate of the SPAD array
using a variable optical attenuator (VOA) to optimize the performance of the SPAD unit. Our extensive
performance analysis illustrates the superior achievable data rates of the proposed receiver under various
weather conditions compared to the traditional FSO receivers with either PD or SPAD array.
INDEX TERMS Optical wireless communications, free-space optical communication, optical receivers,
single-photon avalanche diode.
I. INTRODUCTION
INRECENT decades, as the scarcity in the radio frequencyspectrum becomes the bottleneck in the development
of the wireless communication networks, free-space opti-
cal communication (FSO) has attracted significant interest
in both industry and scientific community due to its high
data rate, excellent security level, and license-free spec-
trum [1]. The potential applications of FSO include but not
limited to inter-building communication and wireless back-
haul solution of the future 6G systems. However, before the
wide-scale deployment and utilization of FSO systems, some
major technical challenges still remain to be overcome, e.g.,
turbulence-induced intensity fluctuation (scintillation), mis-
alignment loss induced by building sway, and link failure in
the presence of adverse weather condition.
Both turbulence-induced fluctuation (also known as scin-
tillation) and misalignment have been thoroughly inves-
tigated in the literature. To mitigate the degradation
of intensity fluctuation, numerous effective techniques
have been proposed such as spatial diversity [2] and
multi-hop relaying [3]. For the misalignment loss, beamwidth
optimization [4] or adaptive tracking systems [5], [6] can be
employed. Different from the above impacts, the signal atten-
uations introduced by adverse weather conditions, e.g., fog
and haze, are fairly static both in time and space and could
be up to several hundred of dB/km [7]. To increase the avail-
ability of FSO links during adverse weather conditions, the
so-called hybrid RF/FSO links have been proposed in which
an additional RF link is employed to support the FSO link
and maintain the connectivity [8]–[10]. Although adding RF
links can effectively improve the availability, it inevitably
increases the complexity and the cost of the links.
Linear photodiode (PD) is commonly used in commer-
cial FSO links due to its low cost and implementation
complexity [1]. However, the sensitivity of linear PD, espe-
cially PIN PD, is strongly limited by the thermal noise.
In order to improve the receiver sensitivity, PD can be
biased above the breakdown voltage to be operated in
Geiger mode as a single-photon avalanche diode (SPAD).
Due to its high sensitivity compared to the traditional PIN
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/
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FIGURE 1. The schematic diagram of the proposed system.
PD and avalanche photodiode (APD), SPAD-based receiver
can be used to effectively reduce the gap to the quantum
limit [11]. Recently, SPAD has attracted particular atten-
tion in the context of both visible light communication
(VLC) [12], [13] and underwater wireless optical com-
munications (UWOC) [14], [15]. However, the achievable
sensitivity of the current SPAD receivers is still limited by
several non-ideal factors, e.g., dead time, afterpulsing, fill
factor and crosstalk. In particular, dead time refers to the
inactive period happens following the avalanche caused by
each photon detection when the SPAD is getting quenched.
There are two typical types of quenching circuits in SPAD
receivers, i.e., active quenching (AQ) and passive quenching
(PQ). The dead time of the former type of SPAD is constant,
whereas for the latter the photons arriving during the dead
time can extend its duration [16]. Dead time can signifi-
cantly degrade the performance of the SPAD-based receiver
when the incident light intensity is relatively high because
of the non-linear distortion caused by the SPAD saturation
[15], [17].
Inspired by the characteristics of the SPAD and linear PD,
we propose to design a dual-mode hybrid receiver contains
both PIN PD and SPAD array detectors. Such hybrid receiver
can effectively improve the availability of the FSO link for
a wide range of weather conditions. In adverse weather con-
ditions, the received light power is relatively weak and the
receiver would operate in the SPAD-mode due to the high
sensitivity of the SPAD array. However, in the clear weather
condition, the received optical power is relatively high and
the receiver would in turn switch to the PD-mode. Since
in this scenario, the SPAD array suffers from significant
non-linear distortion; whereas the PD is with high signal-to-
noise ratio (SNR) and can achieve reliable communication.
Recently, the design of optical sensors with both PD and
SPAD modes have been proposed mainly for imaging appli-
cations [18]–[20]. Particularly, in [19] an array of 64 pixels
is presented in which the linear and single-photon operations
are combined at the pixel level to improve the dynamic range.
Each individual pixel can alternatively switch between these
modes according to the applied voltage signal; however, the
reported bandwidth and photon detection probability (PDP)
is quite limited and the complex circuit design also results in
a low fill factor. As a result, it is not suitable to be applied
in the high-speed sensitive FSO links. To the best of the
authors’ knowledge, the proposed receiver here is the first
time a hybrid SPAD/PD receiver is designed from the com-
munication point of view. The effectiveness of the proposed
dual-mode receiver in the improvement of the achievable
data rate against the traditional FSO receivers with either
PD or SPAD is confirmed through the numerical results.
The rest of this article is organized as follows. The
proposed hybrid receiver and the received signal and back-
ground power in FSO systems are discussed in Section II.
Section III presents the implementation of the proposed
hybrid receiver. The numerical results and discussion are
presented in Section IV. Finally, we conclude this article in
Section V.
II. SYSTEM MODEL
A. PROPOSED HYBRID RECEIVER
Fig. 1 shows the schematic of the proposed system. A laser
is employed at the transmitter and the modulated optical sig-
nal is transmitted through the atmosphere which introduces
both atmospheric intensity fluctuation and weather attenu-
ation loss to the signal received by the receiver aperture.
The proposed receiver involves both a PQ-based SPAD-
array which is with high sensitivity and a cost-effective
PIN PD which is commonly employed in commercial FSO
links. Note that compared to AQ SPAD, PQ SPAD bene-
fits from simpler circuit design and higher photon detection
efficiency (PDE), hence is widely employed in the commer-
cial SPAD receivers [21]. The proposed receiver can operate
in either PIN PD mode or SPAD mode with the help of
the binary optical switch. The received optical power (both
signal and background power) is monitored by the hybrid
receiver controller. When the received power experiences
significant change due to the change of the scintillation (on
the order of milliseconds [5]) and/or weather condition (usu-
ally on the order of hours [10]), the optimal operation mode
which achieves the better performance, e.g., higher achiev-
able data rate, is determined by the controller (as discussed
later in Section III) and a control signal is sent to the opti-
cal switch to realize the mode switching. Generally, when
the received optical power is high, PD-mode is selected and
optical switch guides the whole received light to the PIN
PD; otherwise, the received light is switched to the high-
sensitivity SPAD detector. Many different techniques can be
employed to realize the fast optical switching [22]. One of
the common approach is using the micro-electro-mechanical
systems (MEMS) in which the angle of the micro-mirrors
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can be adjusted through the supplied electrical currents to
deflect an optical signal to the desired receiver [23]. After
the mode switching is finished, based on the current receiver
operation mode, the controller selects either the electrical
output of the SPAD array or PD detector to the following
decoding process.
Because of the very limited dynamic range of the SPAD-
array receiver (determined by the number of pixels and the
dead time), it can be easily saturated when the received opti-
cal power increases beyond a specific level. Further increase
in the optical power results in the significant performance
degradation for PQ SPAD detector employed here. However,
due to the high sensitivity of the SPAD detector compared to
the PD, it is highly likely that such a power level is still not
high enough for the PD to achieve reliable communication.
As a result, there is a gap between the operational ranges
of the SPAD and PIN PD (as demonstrated in Section IV).
To address this issue, in the proposed hybrid receiver, a
variable optical attenuator (VOA) [24]–[26] with its trans-
mittance adaptively controlled by the receiver controller is
employed to attenuate the incident light to SPAD array when
necessary. By proper adjusting the VOA transmittance, the
SPAD detector can keep operating in a higher received opti-
cal power regime. As a result, the gap of the operation
regimes between the PD and SPAD array can be bridged
and the proposed receiver is able to achieved high data rates
in a wide range of the received optical power.
Although this work focuses on the application of the
proposed receiver in FSO systems, it is worth emphasiz-
ing that the proposed receiver also has potential applications
in other OWC systems such as indoor VLC and UWOC
systems. Due to the blockage or dimming in VLC and
strong absorption and scattering in UWOC, the received
signal power could be very weak. The proposed receiver is
advantageous in such scenario as it can switch to the high-
sensitive SPAD mode. On the other hand, in other scenarios
where the received power is relatively high, the receiver can
instead operate in the PIN PD mode.
B. RECEIVED SIGNAL POWER
In the considered FSO system, assuming that the pointing
error is negligible due to a relatively large received beam spot
and/or the use of a tracking system, the received optical sig-
nal is mainly influenced by three effects, i.e., geometric loss
induced by diffraction hg, turbulence-induced intensity fluc-
tuation hf , and weather-induced attenuation ha. Denoting the
transmitted optical power as PT , the instantaneous received
power can be expressed as
PR = hghf haPT . (1)











where d denotes the diameter of the receiver aperture, φ is the
beam divergence angle at the transmitter, and L refers to the
link distance. The weather attenuation ha can be expressed
based on the Beer-Lambert law as
ha = e−κL, (3)









V refers to the visibility in km, λop is the optical wavelength




1.6, V ≥ 50 km,
1.3, 6 ≤ V < 50 km,
0.16V + 0.34, 1 ≤ V < 6 km,
V − 0.5, 0.5 ≤ V < 1 km,
0, V < 0.5 km.
(5)
Note that the above model of the fog attenuation is widely
used in the literature; however, there are also some other
models which are more accurate under some specific wave-
length regimes [28] and could also be employed in the
proposed system.
Numerous models can be used to model the turbulence-
induced intensity fluctuation hf , e.g., log-normal distribution
and Gamma-Gamma distribution. To ensure that a wide
range of turbulence conditions can be accurately described,












where 	(·) is the Gamma function, Kp(·) is the modified
Bessel function of the second kind, and the parameter α and























respectively, with χ2 = 0.5C2nk7/6L11/6, ϑ2 = kd2/4L and
k = 2π/λop. The parameter C2n refers to the turbulence
refraction structure parameter.
The coherence time of hf is shorter than that of the weather
attenuation ha, thus the coherence time of the received power
PR is mainly determined by hf . In the proposed receiver,
as long as PR experiences significant change due to the
change of ha and/or hf , the receiver mode switching process
is triggered.
C. RECEIVED BACKGROUND POWER
In FSO communication, the received background power can
greatly influence the receiver performance. Adverse weather
conditions, e.g., fog, can change both received signal and
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FIGURE 2. A example of the spectral background radiance in clear weather
condition. Take the receiver as the reference location. The LOS is with zenith angle of
90◦ and the relative solar zenith angle is 45◦ .
background power. The signal power attenuation in fog con-
ditions has been thoroughly investigated in the literature
[27], [28]; however, the weather dependency of the received
background power is not well discussed. In this work, we are
going to fill this research gap with the help of the software
MODTRAN which can compute the atmospheric radiance
over the ultraviolet through long wavelength infrared spectral
regime [30].
Practical FSO systems are usually designed with proper
line-of-sight (LOS) angles and narrow receiver field-of-views
(FOVs) to avoid receiving the direct sunlight. Therefore, the
main background noise source is the sunlight scattered in
the atmosphere (or the diffused sky radiance). The received
background power can hence be written as [31]






where RB is the spectral radiance of the scattered sunlight
(W/cm2·sr·μm), Δλop is the bandwidth of the receiver opti-
cal filter, θFOV is the receiver FOV angle. The spectral
radiance RB which can be simulated through MODTRAN is
determined by both visibility and solar position relative to
the link LOS. An example of the simulated spectral back-
ground radiance under clear weather condition is presented
in Fig. 2. The total background radiance RB mainly contains
radiance caused by single and multiple scattering. As illus-
trated in Section IV, lower visibility can result in lower single
scattering induced background radiance; whereas this is not
the case for multiple scattering induced radiance. Therefore,
lower visibility might not always lead to lower background
radiance or equivalently lower received background power.
This is different from the effects of the fog events to the
received signal power. Later in Section IV, in order to accu-
rately evaluate the performance of the proposed receiver
under various visibilities, for each visibility level the radi-
ance is firstly simulated by MODTRAN based on which
the corresponding received background power Pb can be
calculated through (9).
III. HYBRID RECEIVER IMPLEMENTATION
Since both PIN PD and SPAD array detector are employed
in the proposed hybrid receiver, in this section the achiev-
able data rate of each receiver is firstly derived. Later, the
implementation of the hybrid receiver is presented.
A. PERFORMANCE OF THE PIN PD
When the proposed receiver operates in PD mode, the
received light is switched to the PIN PD and the electrical





2qB(PR + Pb) + 4κToBRL
, (10)
where q refers to the electron charge,  denotes the photodi-
ode responsivity, Pb is the received background light power,
κ is the Boltzmann’s constant, To is the load-resistor tem-
perature in Kelvin, RL is the load resistance and B denotes
the electrical bandwidth. The first term in the denominator
of (10) refers to the shot noise and the second term represents
the thermal noise. The thermal noise is the dominant noise
component. In this work, the uncoded equiprobable on-off
keying (OOK) modulation is employed as the modulation
scheme, although the proposed idea can also be extended
to systems with other higher order modulation schemes. In
addition, the transmitted signal is assumed to be with an
ideal infinite extinction ratio so that the received power for









where Q(·) refers to the Q-function.
Assuming a BER threshold of Pe,th, for PD detector to








should be satisfied. Substituting the SNR of the PD (10)
into (12) and after some mathematical manipulations, the
maximum achievable data rate for PD detector as a function










where Q−1(·) denotes the inverse Q-function.
B. PERFORMANCE OF THE SPAD ARRAY
Different from the traditional photodetectors, the SPAD
detectors suffer from the dead time in which the SPAD is
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inactive after the avalanche caused by each photon detection.
The photon transfer function of PQ SPAD is given by [34]
λD = λ exp(−λτd), (14)
where λ is the received photon rate, τd is the dead time and
λD refers to the detected photon rate. Based on (14), one can
observe that due to the paralysis property of the PQ SPAD,
with the increase of received photon rate, the detected photon
rate firstly increases and then decreases. The received photon
rate which gives the highest detected photon rate is λmax =
1/τd and the corresponding detected photon rate is λD,max =
1/eτd. The non-linear distortion shown in the photon transfer
function (14) would significantly influence the performance
of the SPAD-based receivers [35]. To involve the non-linear
distortion into the system analysis, it is commonly assumed
that the detected photon count of SPAD array is Poisson
distributed with effective photon rate given in (14) which is
an accurate approximation in low photon arrival rate regimes
as illustrated in [15], [36]. For large array sizes, the overall
photon counts can be further approximated as Gaussian [14].
In the following discussion, we thus employ the Gaussian
approximation for the detected photon counts.
Considering a received signal power PR and background
light power Pb, for a SPAD array detector with N pixels,
the received photon rate for each pixel when bit ‘0’ and bit




λ1(ξ) = ξϒPDE(2PR + Pb)
Nhν
, (15)
where ξ denotes the transmittance of the employed VOA,
ϒPDE is the PDE of the SPAD, h refers to the Planck con-
stant, and ν is the light frequency. Note that the photon
rates given in (15) are written as functions of the adjustable
transmittance ξ . In this work, the dead time is considered
to be the main non-ideal effect of the SPAD receiver and
the other effects, e.g., crosstalk and dark count, are ignored
for simplicity. According to the effective photon rate (14),
the average photon counts for bit ‘0’ and bit ‘1’ during the
symbol duration Ts are given by
u0(ξ) = Nλ0(ξ)Tse−λ0(ξ)τd ,
u1(ξ) = Nλ1(ξ)Tse−λ1(ξ)τd . (16)
Assuming Gaussian distribution for detected photon counts
of bit ‘0’ (bit ‘1’) with mean and variance equal to u0 (u1),
the BER can be expressed as [12], [37]
BERSPAD = Q[ζ(ξ)], (17)
where
ζ(ξ) = u1(ξ) − u0(ξ)√





In the proposed hybrid receiver, the controller should adjust
the ξ so that the SPAD array can operate at its best. The
optimal ξ minimizing the BERSPAD is equivalent to the
one maximizing the ζ(ξ) which is given by the following
Proposition.
Proposition 1: The optimal ξ which minimizes the
















































2PR + Pb e
2y, (22)




























Letting the first order derivative (23) equal to zero one can
get the non-linear equation (20). Denoting T1(y) = PbPR y−1, it
can be easily shown that T1(y) is a monotonically increasing
function for y ≥ 0 with T1 = −1 at y = 0 and T1 → +∞












a decreasing function with T2 = 0 at y = 0 and T2 → −∞




from the left. In addition, in the




,+∞), T2 is also a decreasing func-




from the right and T2 → 0 when y → +∞. Based on the
characteristics of the functions T1 and T2, it can be proved
that there are two roots for the equation (20), denoted as
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FIGURE 3. An example of the relationship between ζ(ξ) and ξ .









,+∞), respectively. Both of these two
roots can be found through the bisection method. Finally,





yroot,1 is a local maximum. In addition, due to the fact that
D(y → +∞) > 0, yroot,2 is a local minimum.
From the above discussion it is concluded that with
the increase of ξ , ζ(ξ) firstly increases when ξ ∈
[0, yroot,1Nhν/ϒPDEτdPR], then ζ(ξ) decreases when ξ ∈
[yroot,1Nhν/ϒPDEτdPR, yroot,2Nhν/ϒPDEτdPR], and finally
with further increase of ξ it increases again and gradually
approaches 0. An example of the relationship between ζ(ξ)
and ξ is shown in Fig. 3. Considering that the transmit-
tance of the VOA is limited up to 1, the optimal ξ which
minimizes the BER, denoted as ξ∗, can hence be written
as (19).
Solving the non-linear equation (20) can inevitably
increase the complexity of the design receiver. If one cannot
afford the computational complexity, a look-up table of the
optimal ξ under various PR and Pb could be calculated and
pre-saved at the receiver. In the communication, the trans-
mittance of VOA can then be selected optimally by using
the table.
To further simplify the receiver design, in this work,
we also provide a sub-optimal analytical solution for the
selection of ξ which is asymptotically optimal when the











τdϒPDE(2PR + Pb) , 1
]
. (27)
By substituting (27) into (15), one can get λ1(ξ∗) = 1/τd
when received power is high. For PQ SPAD, this incident
photon rate is the one resulting in the highest detected photon
rate, hence the physical meaning of the sub-optimal trans-
mittance is simply limiting the peak incident photon rate for
the SPAD array to be fixed at this value.
Algorithm 1 Algorithm for the Hybrid Receiver Controller
1: keep estimating PR and Pb.
2: while PR and/or Pb have significant change do
3: if RmaxSPAD < R
max
PD then
4: switch to PD and decode the received signal.
5: else
6: adjust the transmittance of VOA to ξ∗.




By substituting the determined transmittance of the
VOA (19) or (27) into (17) and considering a BER target of
Pe,th, after some mathematical manipulations, the maximum













Note that (28) requires ξ∗ < Nhνln 2PR+PbPb /2τdϒPDEPR and
both derived VOA transmittance values (19) and (27) satisfy
this condition.
C. IMPLEMENTATION OF THE HYBRID RECEIVER
The key component of the proposed hybrid receiver shown
in Fig. 1 is the receiver controller. When the received signal
and background power experience significant change due to
the scintillation and/or weather change, the controller calcu-
lates the maximum achievable data rate for PIN PD based
on (13). Meanwhile, the optimal transmittance of the VOA is
calculated based on (19) or (27) and the corresponding max-
imum achievable data rate of the SPAD array is calculated
using (28). By comparing the maximum achievable data rates
of the SPAD array and PD, the best operation mode can be
determined. The controller then sends a control signal to the
optical switch to realize the mode switching. If the SPAD
array can achieve higher data rate and thus the SPAD mode
is selected, the controller should also send a control signal
to VOA to adaptively adjust its transmittance to the desired
level. When all of the above steps are finished, the controller
feeds the selected electrical signal to the following decoding
process. An algorithm showing how the hybrid receiver con-
troller works is presented in Algorithm 1. Although this work
employs the achievable data rate as the performance metric to
determine the operation mode, the proposed receiver can also
be designed based on other metrics, e.g., BER performance.
It is worth noting that when applied to FSO systems, the
proposed receiver is more likely to be operated in the high-
sensitive SPAD mode in adverse weather conditions, e.g., fog
and haze, where the received signal power is significantly
attenuated. Although adverse weather conditions are usually
infrequent [8], considering the high availability requirement
of FSO links, it is crucial to keep the link connectivity
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TABLE 1. The parameter setting [9], [21], [38], [39].
under such conditions. The proposed hybrid receiver could
be a good solution to this issue.
IV. NUMERICAL RESULTS
In this section, some numerical results are presented. Unless
otherwise mentioned, the specifications of the considered
FSO is given in Table 1. Note that most of the current com-
mercial FSO links use wavelengths between 780 nm and
1550 nm due to the relatively lower atmospheric attenuation
and the readily available off-the-shelf components [1], [40].
Considering that both PD and SPAD detectors with rela-
tively high detection efficiency at 785 nm are commercially
available, this wavelength is employed in our simula-
tions [21], [39]. We will firstly focus on the performance
improvement by employing the proposed receiver under the
given received signal power PR and background power Pb.
Later, the performance of the practical FSO link under var-
ious visibilities is investigated by further involving both
turbulence-induced fluctuation and weather attenuation into
account.
A. PERFORMANCE IMPROVEMENT UNDER GIVEN
RECEIVED POWER
Fig. 4 to Fig. 6 plot the achievable data rate versus the
received signal power PR under various background power
Pb and a BER target of Pe,th = 10−3. Four receivers are
considered here. The first two refer to the receivers with PIN
PD and SPAD array, respectively. The next two refer to the
proposed hybrid receivers with the optimal and sub-optimal
transmittance of VOA given in (19) and (27), respectively.
For receiver with SPAD array, these figures present that
with the increase of PR the achievable data rate firstly
increases and then decreases. This is because for high PR
regime, non-linear distortion caused by the SPAD saturation
FIGURE 4. The achievable data rate versus the received signal power PR for
considered systems. The background light power is Pb = 20 nW.
FIGURE 5. The achievable data rate versus the received signal power PR for
considered systems. The background light power is Pb = 100 nW.
significantly degrades the performance of the receiver. As
shown in Fig. 4, when received background power is weak,
gigabits/second data rate can be achieved only when the PR
is beyond 33 nW and below 331 nW. However, with the
increase of Pb, the achievable data rate is strongly reduced.
For instance, as presented in Fig. 5, when Pb increases to
100 nW, gigabits/second data rate cannot be achieved no
matter what signal power is received and the highest achiev-
able data rate is only 273 Mbit/s when PR = 90 nW. On
the hand, one can also observe that the effects of the back-
ground power to the performance of the system with PIN
PD receiver is negligible. This is because thermal noise is
the dominant noise factor for the PIN PD. For such receiver
to achieve gigabits/second data rate, a received signal power
above 2.4 μW (−26 dBm) is required.
Now let’s turn to the proposed hybrid receiver. As illus-
trated from Fig. 4 to Fig. 6, the proposed receiver has two
operation modes and when the received power is relatively
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FIGURE 6. The achievable data rate versus the received signal power PR for
considered systems. The background light power is Pb = 200 nW.
FIGURE 7. The optimal and sub-optimal transmittance of the VOA versus the
average received signal power.
small, it operates in SPAD-mode; whereas, when the received
power is high, it operates in PD-mode. The main differ-
ence between the optimal and sub-optimal hybrid receivers
is the selection of the VOA transmittance ξ∗ as given
in (19) and (27). Fig. 7 shows the calculated transmittance
of VOA for these two systems. It demonstrated that for
both systems, with the increase of the received signal and
background power, the selected transmittance reduces. This
is because higher incident light introduces severer SPAD
saturation effect and reducing the transmittance can effec-
tively mitigate this effect and improve the performance. In
addition, the sub-optimal transmittance is generally higher
than the optimal one. As discussed in Section III-B, when
background power is negligible, the performance of the sub-
optimal design is close to that of the optimal one. This is
also illustrated in Fig. 4 where a weak background power
is considered. However, with the increase of the back-
ground power, the advantage of the optimal design becomes
FIGURE 8. The weather attenuation and the average received signal power versus
the visibility where L = 1 km.
FIGURE 9. The background radiance versus the visibility. Take the receiver as the
reference location. The LOS is with zenith angle of 90◦ and the relative solar zenith
angle is 45◦ .
obvious as presented in Fig. 5 and Fig. 6. For instance, with
Pb = 200 nW and PR = 41 nW, the sub-optimal design can
only achieve a data rate of 6 Mbps which is close to the peak
achievable data rate of the SPAD only receiver; whereas, for
the receiver with optimal design, the corresponding data rate
increases to 70 Mbps.
It is presented from Fig. 4 to Fig. 6 that SPAD array
and PD receivers have quite different operation regimes.
As a result, a basic combination of the two receivers can-
not provide a monotonically increasing performance level
as the received signal power increases. By involving the
VOA into the system, The proposed hybrid receiver can
effectively bridge the gap between the operation regimes
of the two detectors realizing the monotonically increas-
ing performance. For instance, for proposed receiver with
optimal VOA transmittance, the gigabits/second data rate
can always be guaranteed as long as PR is larger than
around 150 nW (−38 dBm) and 300 nW (−35 dBm) when
Pb = 100 nW and Pb = 200 nW, respectively. Invoking the
corresponding required power for PIN PD −26 dBm, the
sensitivity improvements by using the hybrid receiver are
12 dB and 9 dB, respectively.
B. PERFORMANCE IMPROVEMENT IN PRACTICAL FSO
LINKS
Fig. 8 illustrates the weather attenuation in dB/km and the
received signal power averaged over the turbulence-induced
VOLUME 1, 2020 1371
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FIGURE 10. The achievable data rate versus the weather visibility under various link
distances.
intensity fluctuation, i.e., PR = hghaPT , versus the visibility.
Fog events with visibility less than 2 km can introduce great
signal attenuation. For instance when visibility V = 1 km
(light fog), the attenuation is 14.2 dB/km and when visibil-
ity reduces to V = 500 m (moderate fog), the attenuation
increases to 68 dB/km.
The background radiance for the wavelength λop =
785 nm versus the visibility generated by MODTRAN is
presented in Fig. 9. One can observe that in clear weather
conditions, the background radiance induced by single scat-
tering is the dominant factor. With the decrease of the
visibility, the radiance introduced by single scattering mono-
tonically decreases; however, the radiance introduced by
multiple scattering firstly increases and then decreases. The
reason is that moderate scattering effect can increase the
probability of the background light being scattered into the
receiver FOV, but extensive scattering effect in turn reduces
this probability. The received background power Pb under
various visibilities can be achieved by substituting the total
radiance RB into (9).
By using the received signal power and background light
radiance demonstrated in Fig. 8 and Fig. 9, respectively,
the achievable data rate of the practical FSO link versus
the visibility is plotted in Fig. 10. It is shown that for
a receiver with PIN PD, in order to achieve 1 Gbps and
100 Mbps data rates, the minimal tolerant visibilities are
1.4 km and 0.96 km, respectively, when the link distance
is L = 1 km. These visibilities refer to the thin fog con-
ditions. However, the corresponding required visibilities for
the proposed hybrid receiver with optimal VOA transmit-
tance reduce to 680 m and 520 m, respectively, which refer
to the light fog conditions. Therefore, by using the proposed
receiver, the availability can be effectively improved. Note
that for the proposed hybrid receiver, with the help of the
VOA, the monotonic increase of achievable data rate with
the increase of visibility can be observed. Better availabil-
ity can be achieved for a FSO link with lower distance
due to the higher received power gain. For instance, when
L = 500 m, by using the proposed hybrid receiver, the
minimal tolerant visibility for 1 Gbps is only 250 m, hence
reliable gigabits/second data rate can be guaranteed even in
moderate fog condition. Besides reducing the link distance,
the availability can be further improved by employing more
expensive narrower bandwidth optical filter at the receiver
or increasing the transmitted optical power.
V. CONCLUSION
In this work, a novel hybrid PD/SPAD receiver is proposed
to improve the sensitivity of FSO links. The receiver can
adaptively operate in either SPAD- or PD-mode depending
on the received signal and background light power. In addi-
tion, to extend the operation regime of the SPAD array, a
VOA is employed to dynamically limit the incident light
power of the SPAD array so that it can achieve the best
performance. Both optical switch and VOA are controlled
by a hybrid receiver controller. A detailed algorithm of the
controller is presented. Through extensive numerical results,
the effectiveness of the proposed receiver in enhancing the
achievable data rate under various visibility conditions is
confirmed.
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